. Noninvasive real-time measurement of nasal mucociliary clearance in mice by pinhole gamma scintigraphy. J Appl Physiol 108: 189 -196, 2010. First published October 1, 2009 doi:10.1152/japplphysiol.00669.2009 is the key defense mechanism in the upper airways, as the removal of debris-laden mucus in the sinuses completely depends on MCC. So far, how the nasal MCC is regulated remains unknown. Recently, mice deficient in genes encoding the components of MCC apparatus have been generated, which will allow investigators to conduct more in-depth nasal MCC studies. However, the methodology necessary to comprehensively evaluate the nasal MCC in this species is not well established. We therefore developed a novel method to measure nasal MCC in live mice using pinhole gamma camera. Insoluble radiolabeled particles were delivered into the noses of lightly anesthetized mice. The nasal clearance of these particles was measured continuously in a real-time manner. The effect of three different anestheticsavertin, pentobarbital, and isoflurane-on nasal MCC was also determined. In mice anesthetized by 1.1% isoflurane, radiolabeled particles were immediately moved into the oropharynx, which was significantly accelerated by the treatment of hypertonic but not isotonic saline. According to the clearance rate, the mouse nasal MCC presented two distinct phases: a rapid phase and a slow phase. In addition, we found that isoflurane had a very small inhibitory effect on nasal MCC vs. both avertin and pentobarbital. This was further supported by its dose response. Collectively, we have developed a noninvasive method to monitor the real-time nasal MCC in live mice under physiological conditions. It provides more comprehensive evaluation on nasal MCC rather than assessing a single component of the MCC apparatus in isolation.
anesthesia; isoflurane; avertin; pentobarbital; hypertonic saline MUCOCILIARY CLEARANCE (MCC) is an important innate defense mechanism by which both upper and lower airways cleanse their surface of inhaled pollutants, allergens, pathogens, and mucus secreted by goblet cells and submucosal glands. This protective mechanism is especially important in the upper airways and sinuses, as the removal of debris-laden mucus in the sinuses completely depends on MCC, whereas in the lower airways MCC can be compensated for by other mechanisms such as coughing (43) . This hypothesis is further supported by the observations that mice with primary ciliary dyskinesia (PCD) only exhibit inflammation in the nose and sinuses but not in the lower airways and lungs; and that sinonasal symptoms usually emerge in the early stage of PCD patients (6, 26, 28, 32, 45) . These observations have led to the theory that impaired MCC in the nose and sinuses is the central pathophysiological process in the pathogenesis of chronic rhinosinusitis (CRS), a disease that currently affects more than 12% of Americans more than 18 years old (35) . The major purpose of diverse therapeutic strategies for CRS patients is to improve and restore their sinonasal MCC function, which in turn will reverse the pathological changes of diseased sinonasal mucosa (9, 31, 36) .
The mucociliary apparatus consists of three functional components: the cilia on respiratory epithelium, the mucus layer, and the underlying airway surface liquid layer. How each of these three components is regulated and contributes to normal functioning of MCC is not entirely understood but is the subject of intense investigation. Recently, mice subjected to manipulation of genes encoding the components of the MCC apparatus have been generated (6, 7, 18, 21, 27, 39) . In addition, a number of airway diseases, which usually present impaired MCC in humans, have also been modeled in mice by using genetic and pharmacological methodologies (7, 19, 21, 27, 41, 46, 47) . Hence, these mouse models may become powerful tools to elucidate the molecular and mechanical mechanisms by which MCC is regulated and how impaired MCC contributes to the development of airway diseases.
Over the past several years, the mucociliary function in mouse lower airways and its regulatory mechanisms have been studied by using both in vitro and in vivo methodologies (12, 22) . However, MCC function in the mouse nose has been less studied, and the methodologies to evaluate nasal MCC in vivo in mice are also more poorly developed. Although the MCC apparatus in the upper airways of mice has similar structure to that in the lower airways, their regulatory mechanisms are not identical. Mouse upper and lower airways have different profiles of ion channels responsible for water homeostasis, different mucin secretion mechanisms, different submucosal gland distributions and autonomic nerve systems (2, 3, 8, 12, 14, 16, 17, 40) . Hence, development of reliable methodologies to conduct basic research on nasal MCC in mice is of great significance for our comprehensive understanding of MCC in the upper airways. It will also significantly advance our understanding of pathogenesis of inflammatory diseases in the upper airways such as chronic rhinosinusitis. In this study, we used planar gamma scintigraphy, a noninvasive methodology, to monitor the real-time nasal MCC rate in mice and defined its physiological features. We also compared the effect of differ-ent breathing patterns, anesthetics, and inhaled saline aerosol perturbations on nasal MCC in mice. The development of this method will provide a useful tool to elucidate the molecular mechanisms by which the nasal MCC is regulated. It will also advance the studies on CRS pathogenesis and facilitate the development of new drugs for prospective treatment of CRS.
MATERIALS AND METHODS
Animals. All animal care and experimental procedures used were approved by the Institutional Animal Care and Use Committee guidelines of the University of North Carolina at Chapel Hill. C57BL/6 mice were originally purchased from the Jackson Laboratory and then housed and bred in a pathogen-free facility in the University of North Carolina at Chapel Hill, with 12:12-h day-night switch. All mice used in the study were 3-to 5-mo-old females. Food and water were allowed for all mice until the time of study.
A total of 40 mice were randomly divided into five groups, which were anesthetized with 1.1% isoflurane (n ϭ 14), 2.1% isoflurane (n ϭ 6), 3% isoflurane (n ϭ 6), avertin (0.4 g/kg, n ϭ 8), and pentobarbital (90 mg/kg, n ϭ 6), respectively. The nasal MCC in each group was measured by scintigraphy for indicated periods of time immediately after the intranasal delivery of 99m Tc-SC. In addition, another five and seven mice, which were both anesthetized by 1.1% isoflurane, were randomized to two groups and were treated with 0.9% saline and 10% saline aerosolization, respectively. The nasal MCC during and after the intervention in these two groups was also measured and compared with the nasal MCC in mice anesthetized with 1.1% isoflurane but without saline treatment.
Preparation of radiolabeled colloid. 99m Technetium-labeled sulfur colloid particles ( 99m Tc-SC) were prepared from TechneScan Sulfur Colloid Kits (CIS-Sulfur Colloid, CIS-US, Bedford, MA) following the procedure provided by the manufacturer. One microliter of 1% filtered Evan Blue dye was added to 30 l of sulfur colloid suspension to aid in visualizing the liquid during application.
Nasal delivery of radioactivity particles. Mice were anesthetized with 5% isoflurane, which was delivered by an Ohio Vaporizer (DRE Veterinary). After successful anesthesia, 1 l 99m Tc-SC suspension in isotonic saline was slowly delivered into the mouse nose by using a PE-10 (Warner Instrument, OD 0.6 mm, ID 0.28 mm). For each mouse, the catheter was inserted into the nostril to a depth of 3 mm. For the mice that were anesthetized by either avertin (0.4 g/kg) or pentobarbital (90 mg/kg), 99m Tc-SC was delivered in the same manner after successful anesthesia by intraperitoneal injection of these anesthetics. No isoflurane was used in these mice.
Whole nose acquisition by scintigraphy. After 1 l 99m Tc-SC was successfully delivered, mice were immediately placed supine on a level tray with the heads directly underneath a pinhole collimator associated with a planar gamma camera (Intel Medical). The mouse heads were covered with a transparent facial mask that connected with an isoflurane vaporizer. The upper incisors were slightly held with a U-shape metal wire inside the mask to better secure the mouse heads and to slightly overstretch the animal for optimal exposure of the mouse nose and nasopharynx (see Supplementary Fig. 1, A and B, available with the online version of this article). For those isofluraneanesthetized mice, isoflurane was driven by filtered room air (0.7 l/min) and delivered into the facial mask with indicated concentrations; for those avertin-or pentobarbital-anesthetized mice, only filtered room air was delivered into the facial mask (0.7 l/min). To keep the distance between the mouse heads and the pinhole collimator constant, a spacer (2.5 cm) was used in all experiments. Mouse body temperature was maintained by using a heating pad. The images were then acquired by the gamma camera for indicated periods of time.
Determination of mouse nasal cavity and oropharynx in scintigraphic images. A preeuthanized mouse was immediately hung vertically by a rubber band that held the upper incisors. Mouse tongue was then pulled out to expose the oropharynx. A 99m Tc-SC (1 l) marker (round, ϳ2 mm in diameter) that was prewrapped with tape was carefully inserted into the mouse oropharynx. After that, 0.2 l 99m Tc-SC was carefully pipetted onto the tip of its external nose. This mouse was then put under the pinhole collimator at the same position as all other experimental animals. An image was acquired immediately.
Nasal mucociliary clearance rate interpretation. To quantify the MCC rate in the mouse nose, the whole nose retention of radioactivity by scintigraphy after 99m Tc-SC nasal delivery was obtained for at least 1 h (1 min/frame). ImageJ (freeware from the National Institutes of Health) was used to analyze the data. Regions of interest were drawn around the nasal area. The radioactivity intensity (RI) was acquired every minute for indicated periods of time. From the second minute, the isotope decay correction was made.
Cumulative nasal MCC at every minute was calculated as the following formula: cumulative nasal MCC (%) ϭ [(RI at T0min minus RI)/RI at T 0min] ϫ 100%. The nasal mucociliary clearance rate (% clearance per minute) was calculated as: mean of MCC ϭ ␤ 1 ϫ time ϩ ␤ 2 ϫ time10 in Fig. 3 , where ␤ 1 and ␤ 2 are the estimated parameter estimates for the two covariates time and time10 [time10 ϭ 0 before 10 min; and time10 ϭ (time Ϫ 10) from 10 min forward]. Therefore, before 10 min, the nasal mucociliary clearance rate is estimated to be ␤ 1, and after 10 min, it is estimated to be ␤ 1 Ϫ ␤ 2. Similar approaches are used in other figures, except additional covariates are introduced.
Saline aerosol treatment. It is well known that hypertonic saline (HS) can enhance MCC in many species, including humans. To investigate whether or not HS has the same effect on nasal MCC in mice, we treated the mice with 1 ml 10% HS by aerosolization 4 min after 99m Tc-SC intranasal delivery and monitored the cumulative nasal MCC for 60 min. Briefly, 1 ml saline at 10% was nebulized into a 50 ml conical tube by using AeroNeb (Aerogen, Ireland), which was placed upstream of the facial mask. Controls were treated with 0.9% saline. Saline aerosol together with isoflurane was driven through the conical tube by filtered room air (0.7 l/min) and delivered into the facial mask.
Statistical analysis. All analyses were conducted using SAS software (SAS, Cary, NC). The unit of randomization (to 5 anesthesia groups) and analysis in this study was the individual mouse. Since the end point of interest (retention rate) was measured repeatedly for each mouse within 60 min of acquisition, potential within-mice correlation of those repeated measures were considered. We used the generalized linear models for correlated data (i.e., mixed models) to assess the effects of anesthesia, treatment, or time on the retention rate. A compound symmetry or first-order autoregressive [AR(1)] covariance structure was assumed.
We first analyzed the subset of mice anesthetized with 1.1% isoflurane without other treatment to investigate the time course of radioactive particle clearance in the mouse nose. Only linear terms of time are our interest in this setting. We then evaluated the effect of different anesthetics on nasal MCC (avertin, pentobarbital intraperitoneal injection vs. 1.1% isoflurane inhalation). The anesthetics, time, and their interactions are included in the mixed model. Next, the analysis was conducted in the subset of mice anesthetized with 1.1%, 2.1%, and 3% isoflurane. In addition to the time and the isoflurane concentrations, breathing rates (BRs) of mice (at 0 minute, 30th minute, and 60th minute) were also considered as covariates in the mixed model. BRs of mice over time were also examined as an outcome across these groups. We finally analyzed the effect of hypertonic saline and isotonic saline on nasal MCC over time by including linear terms of time, treatment, and their interactions in the mixed model.
In this study, measurements are presented in the form of means Ϯ SE.
RESULTS

Time course retention of radiolabeled particles in mouse nose.
Representative images acquired by scintigraphy at 0, 5, 10, 20, 30, 40, 50, and 60 min are, respectively, presented in Fig. 1 , A-H, after intranasal delivery of 1 l 99m technetiumsulfur colloid suspension in isotonic saline ( 99m Tc-SC). As shown, the 99m Tc-SC delivered to the nasal cavity initially formed one plaque (plaque A) in the image (Fig. 1A) . These radioactive particles were subsequently moved caudally (see Supplementary Video I, available with the online version of this article). In ϳ5 min after the initial delivery, there was another activity plaque (plaque B) formed in the image (Fig.  1B) , which was separated from the initial plaque A. These two activity plaques were constantly present in the images from 10 to 60 min (Fig. 1, C-H) . Their relative locations in the images were not obviously altered, although their relative intensity changed significantly over time (Fig. 1, B-H) . As shown, the radioactivity in plaque B of Fig. 1B was faded (5 min image), which was increased significantly from 10 to 60 min even with the presence of spontaneous isotope decay. In contrast, the intensity in plaque A was reduced significantly over time, suggesting that the particles originally placed at plaque A were continuously moved to and accumulated in plaque B. Collectively, according to these images and video, the nasal MCC function in live mice can be clearly visualized using the scintigraphic technique.
Identification of mouse nose in scintigraphic images. Figure 2A showed the markers, respectively, put at the tip of external nose and in the oropharynx of a euthanized mouse, which are clearly After successful intranasal delivery of 1 l 99m technetium-labeled sulfur colloid ( 99m Tc-SC) in normal saline, a mouse anesthetized by 1.1% isoflurane was placed supine under a pinhole collimator. The scintigraphic images were immediately acquired for 60 min (1 frame per minute). The images at 0, 5, 10, 20, 30, 40, 50, and 60 min were shown from A to H, respectively. The mouse head orientation in the images was schematically shown in I. The solid line squares indicated the initial 99m Tc-SC deposition; those areas surrounded by dotted line squares indicated the newly formed deposition. The brightness of activity plaques represented the activity intensity, which reflected the radioisotopic counting rates. presented in the scintigraphic image. In addition, a littermate of this mouse, which had been matched by sex and body weight, was used to acquire the images for 60 min after administration of 1 l 99m Tc-SC by intranasal delivery. As shown in Fig. 2B , one single radioactive plaque (Fig. 2B) at the very beginning (0 minute) was formed after intranasal 99m Tc-SC delivery, which then formed two radioactive plaques similar to those described in Fig. 1 (Fig. 2C) . When we compared the relative locations of plaques A and B in Fig. 2C to the radiomarkers in Fig. 2A , we observed that the marker showing the external nasal tip was more anterior to the location where the plaque A was in Fig. 2 , B and C; and the marker put in the oropharynx showed the same location as the plaque B in Fig. 2C . Since each mouse's head was secured at the same place under the pinhole collimator, we conclude that plaque A and plaque B correspond to the nasal cavity and oropharynx in the images, respectively. In addition, in Supplementary Video II, we observed that the radioactive particles in plaque B were cleared by swallowing, further supporting that the anatomical location of plaque B was the oropharynx. These data indicate 99m Tc-SC delivered into the mouse nasal cavity is subsequently cleared out of the nasal cavity and stored in the oropharynx, which is then cleared by swallowing.
Time course of radioactive particle clearance in the mouse nose. The 60-min cumulative nasal mucus clearance in the 1.1% isoflurane-anesthetized mice after 99m Tc-SC delivery was 33.2% Ϯ 4.23% (n ϭ 14). As shown in Fig. 3A , the MCC rate in the nose can be divided into two phases: rapid phase, which is from 0 -10 min, and slow phase, which is from 10 to 60 min. A piecewise linear regression of nasal mucus clearance on time with a break point at 10 min appears to fit the data well. Thus a mixed model with two covariates, time and time 10 , is applied and an AR(1) within-mice correlation structure is assumed. Since the cumulative MCC at time 0 is identically equal to 0, the regression was fitted without intercept. The P values for both predictors time and time 10 are Ͻ0.0001. Thus we reject the null hypothesis and conclude that both predictors are statistically significant. The corresponding parameter estimates suggest that the particles were cleared at a rate of 1.71% Ϯ 0.17% of baseline level per minute from 0 to 10 min and 0.33% Ϯ 0.06% per minute from 10 to 60 min (Fig. 3B) . The predictor time 10 is also referred to as a linear spline term of time in this study.
Effect of anesthetics on nasal MCC. Anesthesia has long been observed to have inhibitory effects on MCC in humans and other species (13, 20, 23) . In this project to measure nasal MCC by scintigraphy, anesthesia is also needed to immobilize the mice under the gamma camera. To select an appropriate anesthetic that has the least effect on MCC, three different anesthetics, avertin (0.4 g/kg ip), pentobarbital (90 mg/kg ip), and the gas isoflurane (1.1% vol/vol), were used. The effect of these anesthetics on nasal MCC measured by scintigraphy was compared. First, all three different anesthesia methods can effectively immobilize the animals without causing mortality during the experiments. Second, by using all three different anesthesia methods, all mice can breathe evenly without active sniffing or sneezing. Since the avertin effect only lasts 30 -50 min, we only measured the MCC for 30 min following administration of anesthesia and particle delivery. As shown in Fig. 4 , both avertin (at 0.4 g/kg) and pentobarbital (at 90 mg/kg) significantly inhibited the nasal MCC compared with 1.1% isoflurane (Fig. 4A) . Based on the data analysis results in Fig. 3 , we applied a mixed model with covariates time, time 10 , anesthesia, interaction between time and anesthesia, and between time 10 and anesthesia, assuming an AR(1) covariance structure. The results suggest that there is no significant difference between pentobarbital and avertin anesthetized groups (P Ͼ 0.05 if we test the avertin, avertin ϫ time, and avertin ϫ time 10 jointly with pentobarbital as the reference). Therefore, we pooled the mice with pentobarbital and avertin together and conduct the same analysis again. Between 1.1% isoflurane and the other two groups, both interactions of anesthesia and time, and anesthesia and time 10 are significant with P values Ͻ 0.0001. That is, the pattern of change in nasal MCC over time (0 -30 min) is statistically different between 1.1% isoflurane and the other two groups. Before 10 min, the nasal MCC is expected to increase 1.68% Ϯ 0.18% of baseline level per minute for isoflurane group; however, only 0.19% Ϯ 0.18% per minute were expected in the other two groups. Between 10 -30 min, the nasal MCC slows down, only 0.39% Ϯ 0.12% per minute for the 1.1% isoflurane group, and 0.55% Ϯ 0.12% per minute for the other two groups (Fig. 4B) . Hence, these data indicate that isoflurane at 1.1% effectively immobilizes the mice and has the least effect on nasal MCC during the scintigraphic acquisition.
Dose response of isoflurane on nasal MCC. To further investigate the effect of isoflurane on nasal MCC in mice, the dose response of this anesthetic was examined. As shown in 5A , the nasal MCC in mice anesthetized with 2.1% and 3% isoflurane have similar patterns over time as the 1.1% isoflurane-treated group. There is no obvious break point in time in MCC over time. Thus a mixed model with covariates treatment and time (no interaction) would be appropriate. In addition, we also recorded the breath rates of these mice to evaluate the depth of anesthesia at these three different isoflurane concentrations. As shown in Fig. 5B , when the isoflurane concentration was set at 1.1%, the BRs of mice were, respectively, 105.6 Ϯ 1.8, 93.3 Ϯ 3.5, and 87.7 Ϯ 2 breaths/min at 0, 30 and 60 min. However, when the concentration of isoflurane was increased to 2.1% and 3%, the BRs of mice were significantly decreased. The BRs of mice anesthetized with 2.1% isoflurane were 37.5 Ϯ 1.8, 30 Ϯ 0.89, and 23 Ϯ 4.6 breaths/min at 0, 30 and 60 min; those in 3% isoflurane-anesthetized group were 28.3 Ϯ 0.52, 22 Ϯ 3.7, and 0 Ϯ 0 breaths/min, respectively. In a mixed model for BRs and using time, isoflurane groups and their interactions as predictors, there is significant difference in BRs between the groups over time (P Ͻ 0.0001 for 4 degrees of freedom if testing isoflurane and time-isoflurane interactions jointly). Hence, although isoflurane concentration increases from 1.1% to 3% producing anesthesia with depth ranging from very light to very deep (lethal), the nasal MCC rates were not significantly changed. These data not only suggest a smaller effect of isoflurane vs. other anesthetics used in this study on nasal MCC in mice, but also indicate that the range of isoflurane concentration that can be applied for nasal MCC measurement is very wide.
In a mixed model with retention rate at 0, 30, and 60 min as outcomes, time, treatment, and BRs as predictors, and assuming compound symmetry covariance structure, there is no significant treatment effect (P ϭ 0.81). In addition, we also failed to observe a significant effect of breathing pattern change on the particle clearance (P ϭ 0.97). Change from a faster and shallow breathing pattern to a slow and deeper one, which was induced by the administration of isoflurane at different concentrations in this study, failed to alter the nasal MCC in mice. Hence, these data also indicate that significant change in breathing pattern does not change nasal MCC in mice.
Effect of hypertonic saline and isotonic saline on nasal MCC. The effects of HS and isotonic saline on nasal MCC were also examined. As shown in Fig. 6 , HS treatment immediately enhanced the nasal MCC. The (0 -60 min) cumulative nasal MCC in the HS-treated group was increased significantly, with the rate slowing after 10 min and further after 20 min. Therefore, a mixed model with covariates time, time 10 , time 20 , treatment, time-treatment, and time 20 -treatment inter- A: the cumulative nasal MCC in 1.1% (n ϭ 7, OE), 2.1% (n ϭ 6, '), and 3% (n ϭ 6, ) isoflurane-anesthetized mice. Data represent the mean nasal MCC Ϯ SE, presented as % clearance. P Ͼ 0.05 between each two of the three groups. B: the mean breathing rates (BRs) of these three groups at indicated time point. Data represent the mean BRs Ϯ SE. **P Ͻ 0.001, 1.1% vs. both 2.1% and 3% isoflurane-anesthetized mice. bpm, breaths/min. actions are fitted (P Ͻ 0.001 for both time-treatment, and time 20 -treatment interactions). In addition, the pattern of change is significantly different between HS-treated group and the controls. Before 10 min, MCC increased at a much faster rate with HS treatment, but after that, the control group matched the HS-treated group with MCC in both groups slowing down significantly. In addition, we also noticed that the difference between these two groups was reduced over time. There is no statistical difference between these groups post-54 min (Fig. 6 , P Ͼ 0.05). We also treated the mice with isotonic saline to rule out the possibility that the observed HS effect on MCC was a result of airway humidification. As shown, isotonic saline did not significantly change the nasal MCC in mice.
DISCUSSION
In this report, we have presented an in vivo method to measure the real-time nasal MCC rate of mice by using gamma scintigraphy. We also compare the effect of different anesthetics on nasal MCC and define the physiological features of nasal MCC of mice. We found that 1.1% isoflurane inhalation had the least inhibitory effect on nasal MCC compared with avertin and pentobarbital, two other anesthetics that have been frequently used in animal experiments. In addition, increasing doses of isoflurane have no significant effect on nasal MCC. In mice lightly anesthetized by isoflurane, the nasal MCC exhibits two distinct phases: rapid phase and slow phase. HS, which has long been observed capable of speeding up the airway MCC escalator in humans and other species, can also significantly accelerate the nasal MCC of mice. In addition, we have also compared the effect of different breathing patterns on nasal MCC and conclude that in isoflurane-anesthetized mice, the MCC escalator is the major mechanism by which predelivered particles are cleansed from the surface of the mouse nose.
To the best of our knowledge, this is the first report of in vivo measurement of nasal MCC rate in live laboratory mice. The advantages of this method include 1) nasal MCC of mice can be monitored in a real-time manner; 2) this methodology is noninvasive, and the 99m Tc-SC in the mouse nose can be cleared in 2-3 days by both MCC and decay; therefore, the animals may be reused for crossover studies (e.g., testing new therapies), which will also reduce the animal numbers and the related costs for a given project; 3) the nasal MCC is measured under a condition very close to the actual physiological conditions; 4) drugs or other medical interventions can be given during the nasal MCC measurement to observe their immediate effect on nasal MCC; and 5) it provides a measure of the comprehensive function of the mucociliary apparatus in mouse nose rather than assessing the function of one single component.
MCC is a very complex process. Impairment of each of the three components of the MCC apparatus, cilia beating, mucus secretion, and water homeostasis in the airway lumen, will lead to dysfunction of MCC. Over the past decades, a number of methodologies have been developed for nasal MCC studies in mice at both in vivo and in vitro levels, including microdialysis probes, visualized MCC hurricane on airway epithelial cultures, and recording of cilia beating frequency (1, 15, 29) . The in vitro methodologies using either explants or cultured cells do not necessarily represent the MCC functions in vivo in which autonomic nervous and neuroendocrine systems are intact (1) . Recording of cilia beating frequency will only assess the function of cilia and is not informative in terms of other factors that are involved in normal functioning of nasal MCC such as the mucus rheology in the nose (1) . The microdialysis probe is a recently reported method to measure nasal MCC in vivo. Grubb et al. (15) used a microdialysis probe positioned at the mouse nasopharynx to detect the presence of rhodamine dye, which was preloaded to mouse nasal cavity, in mouse nasopharyngeal preparation. The distance between where the dye was deposited in mouse nose and the tip of microdialysis probe was also measured. The in vivo MCC transport was calculated by dividing this distance with the elapsed time from the deposition to the detection of dye by microdialysis probe. This technique elegantly defined MCC velocity in vivo although it is still invasive. Moreover, by using this method, the time course for mucus clearance in mouse nose cannot be defined. We believe that the capacity to measure the time course of MCC afforded by whole nose acquisition using gamma scintigraphy will be an important complement to developed methodologies for nasal MCC studies and will provide more comprehensive information about mucus clearance in the nose and sinuses.
Although the MCC apparatus in the upper and lower airways has similar structure, quite a few reports have recently suggested that their regulatory mechanisms are different. For example, the respiratory epithelial cells in mouse upper and lower airways may have different ion channel profiles that are responsible for water homeostasis in the airway lumen (14, 16, 17) ; the mucus secretion mechanisms and the innervation of mouse upper and lower airways are also different (2, 3, 12) . Hence, development of this methodology to measure nasal MCC in vivo will help our understanding of the role of MCC in the upper airway and the pathogenesis of upper airway diseases such as chronic rhinosinusitis.
By using gamma scintigraphy, we observed that nasal MCC of isoflurane-anesthetized mice has two distinct phases: the rapid phase and the slow phase. The overall clearance rates during these two phases are 1.71% and 0.33% per minute, respectively, which are significantly different. This is very similar to the MCC in the lungs and lower airways of several species including humans (10, 12, 24) . In the lungs and lower airways, the rapid phase is thought to represent the clearance in the central airways, whereas the slow phase is believed to repre- Fig. 6 . Effect of hypertonic saline on nasal MCC in mice. Cumulative nasal MCC in mice treated with isotonic saline (0.9%, ', n ϭ 5) or hypertonic saline (10%, , n ϭ 7). Controls were mice subjected to the same anesthesia without any treatment (n ϭ 14, OE). Data represent the mean cumulative nasal MCC Ϯ SE, presented as % clearance. P Ͼ 0.05 between isotonic saline and control groups; P Ͻ 0.001 between hypertonic saline and control groups.
sent that in the small airways and alveoli (12, 24) . The mechanisms of clearance in the lungs and airways during these two phases are also different. The clearance during the rapid phase is mainly driven by MCC escalator, whereas the clearance during the slow phase is mainly achieved by macrophage engulfment with the involvement of mucociliary escalator during the early period of this phase (10, 12, 24, 33) . However, for the nasal MCC in mice, it is not clear what the rapid and slow phases represent and the underlying mechanisms by which the clearance is achieved during these two phases. Grubb et al. (15) reported that the mucociliary transport rate (MCT) in different anatomical sites in the murine nose was significantly different. This regional difference is mainly due to the different rheology of the mucus blanket in different anatomical sites since the cilia beating frequency of nasal epithelial cells in different regional sites has been reported to be very uniform (4, 37) . Hence, it is likely that the two distinct phases observed in our study reflect the regional difference in MCT in the mouse nose. The second explanation in this regard is the likely deposition of 99m Tc-SC particles on nonrespiratory epithelium in mouse nose. The rodent nose is different from humans in both anatomy and histology. More than 50% of the nasal cavity surface of rodents is lined by olfactory epithelium (44) . Hence, it is likely that a fair amount of the 99m Tc-SC particles delivered into the mouse nose will be deposited on olfactory epithelial cells initially. The olfactory epithelium does not contain cilia. Hence particles deposited onto olfactory epithelium need to be moved to respiratory epithelium by some other mechanisms to become clearable, i.e., represented by the slow phase in our nasal MCC data. This also suggests that the initial distribution of radiolabeled particles in the mouse nose is an important factor that determines the nasal MCC rate measured by scintigraphy. In this study, we strictly employed the same method to deliver 99m Tc-SC particles in each mouse; hence, we assumed that the initial deposition of 99m Tc-SC particles was identical, which was also supported by the high reproducibility of our data.
In this report, we also compared the inhibitory effect of different anesthetics on nasal MCC. We found that both avertin (0.4 g/kg) and pentobarbital (90 mg/kg) can significantly inhibit the nasal MCC in mice. They mainly inhibited the rapid phase of MCC in mouse noses. The inhibitory effect of barbiturates on MCC has long been reported in other species including dogs, sheep, and rats (5, 23, 34) . Our data show a potent inhibitory effect of both pentobarbital and avertin on nasal MCC in mice. Hence, these data suggest that for measurement of MCC in the mouse nose, both avertin and pentobarbital should be avoided.
In contrast to pentobarbital and avertin, we found that lower concentration of isoflurane (1.1%) could effectively immobilize the animals and had much less effect on nasal MCC. This was further supported by the dose response of isoflurane. Isoflurane at 2.1% and 3% could anesthetize mice very deeply (breathing rate was significantly inhibited; isoflurane at 3% was lethal in all tested mice in 30 -60 min), although the nasal MCC rates in mice anesthetized by 2.1% and 3% isoflurane were not statistically different from that in 1.1% isofluraneanesthetized animals. Isoflurane is a very commonly used volatile anesthetic in humans. It has long been suggested that volatile anesthetics including isoflurane can elicit depression of airway clearance (25, 30) . Hence, physicians have always been concerned that using volatile anesthetics may increase the incidence of postoperative airway infections. In rabbits, Tyrakowski et al. (38, 42) found that very high concentration of isoflurane dissolved in Ringer buffer can abolish mechanical stimulation-induced transepithelial potential difference (PD) hyperpolarization reactions in excised rabbit tracheal epithelium. However, at lower concentrations, which are more clinically relevant, isoflurane has no such effect. In this report, we also found that isoflurane at concentration Ͻ2% has a very small effect on nasal MCC; however, there was a trend of impaired nasal MCC in 3% isoflurane-anesthetized mice. Hence, these studies further suggest that the effect of isoflurane on MCC may be dose dependent and that low concentrations of isoflurane may have a less significant inhibitory effect on MCC.
Hypertonic saline has long been observed capable of speeding up airway MCC in humans (10) . It has also been used to treat a number of airway diseases with impaired MCC, such as cystic fibrosis (10, 11) . In this report, we also found that hypertonic saline could significantly accelerate nasal MCC in a pattern very similar to that reported in human studies. Daviskas et al. (10) reported that hypertonic saline treatment could immediately enhance the MCC in the lungs and lower airways of healthy adult humans; the effect of hypertonic saline lasted for ϳ20 min until the emergence of slow phase. In our study, the nasal MCC was sped up 2-3 min after the hypertonic saline treatment, which lasted for about 15-18 min until the emergence of the slow phase.
Conclusion. In this report, we have demonstrated a novel in vivo method to measure the real-time nasal MCC rate in live laboratory mice. By using gamma scintigraphy techniques, we have defined two successive physiological phases of nasal MCC in mice and compared the effect of different anesthetics on nasal MCC. Due to the availability of mouse models with modifications of genes closely associated with abnormal MCC function, this technique will allow investigators to carry out more sophisticated studies to elucidate mechanisms by which the nasal MCC is regulated and to define the pathogenesis of many human upper airway diseases with impaired nasal MCC. It will also significantly facilitate the discovery of novel drugs to improve nasal MCC function and test the impact of intranasal drugs on MCC function in both diseased and normal conditions.
